Abstract: TheB → D * + l −ν l branching fraction ratio R(D * ) has shown intriguing discrepancies between the Standard Model prediction and measurements performed at BaBar, Belle and LHCb experiments, a possible sign of beyond the Standard Model physics. Theoretical studies prove how observables related to theB → D * + l −ν l differential decay distribution can be used to further constrain New Physics contributions, but their experimental measurements is lacking to date. This article presents the attainable precision on the measurement ofB → D * + l −ν l angular and CP -violating observables by exploiting approximate reconstruction algorithms using information from detectable final-state particles only, a case of special interest for hadron collider experiments. The resolution on the phase space variables is studied usingB → D * + l −ν l decays simulated in a forward detector geometry like LHCb. A novel method to correct the observable values for the reconstruction inaccuracies based on detector simulation is successfully tested on simulated data and the decrease in precision with respect to a perfect reconstruction is evaluated. The D * + longitudinal polarization fraction and one of the CP -violating observables can be measured losing a factor 2 and 5 in precision, respectively. The extraction of phase space distributions from the template fit selectingB → D * + l −ν l decays and associated systematic uncertainties are also discussed.
Introduction
SemileptonicB → D * + l −ν l decays have shown intriguing discrepancies between the Standard Model predicted ratio of branching fractions between muon and tau lepton decay modes [1] , indicated as R(D * ), and the measured values at BaBar [2] , Belle [3] [4] [5] and LHCb [6, 7] experiments. This contrast could be a sign of New Physics contributions violating the Standard Model universality of leptonic interactions.
The measurement of observables related to theB → D * + l −ν l differential decay rate, other than R(D * ), can shed new light on the observed anomalies, allowing to put complementary constraints on possible New Physics sources [1, [8] [9] [10] . However, the only measurement of these observables available to date is a preliminary result for the D * + longitudinal polarization fraction inB → D * + τ −ν τ decays by the Belle experiment [11] F L = 0.60 ± 0.08(stat.) ± 0.035(syst.), (1.1) which is consistent at 1.5σ with the Standard Model prediction F L = 0.46 ± 0.04 [10] . Angular analyses ofB → D * + l −ν l decays are challenging because final-state neutrinos can not be reconstructed, implying that theB meson rest frame is not precisely determined from the detectable part of the decay. This problem can be mitigated at e + e − B-factories, where the momentum of theB meson can be determined from the known center-of-mass energy of the e + e − collision and the complete reconstruction of the decay of the other B meson produced in the interaction. On the contrary, at hadronic colliders theB meson momentum is not constrained by the production mechanism since the center-of-mass energy of the parton-parton collision is unknown.
This article considers the possibility to measure the phase space variable distributions ofB → D * + l −ν l decays exploiting reconstruction algorithms estimating theB meson rest frame only from information related to the detectable final-state particles, a situation of particular interest for hadron collider experiments like LHCb. The attainable precision on the phase space variables is studied by means of a simulation study set for a forward detector geometry, section 2. It is shown that observables related to the cosine of the polar angle of the D 0 meson in the D * + helicity frame, cos θ D 0 , and the azimuthal angle between the (D 0 π) and (µν) decay planes, χ, are suitable to be measured in the considered setup. It is shown that cos θ D 0 and χ distributions can be extracted using the sPlot statistical technique [12] from the template fit selectingB → D * + l −ν l decays from background events. The fully differentialB → D * + l −ν l decay distribution is reviewed in section 3 and the observables associated to the aforementioned phase space distributions introduced. These are the D * + longitudinal polarization, the CP -conserving and CP -violating observables related to the χ angle distributions. The latter are especially interesting being a null test for the Standard Model, since CP -violation in Cabibbo-favoured b → c quark transition is strongly suppressed by the Cabibbo-Kobayashi-Maskawa mechanism.
In section 4, a novel method to measure the considered observables while correcting the effect of reconstruction inaccuracies is presented and tested on simulatedB → D * + l −ν l decays. The decrease in precision due to the use of the reconstruction algorithms is evaluated with respect to ideal measurements in which the phase space distributions are perfectly reconstructed. A discussion on the possible systematic uncertainties associated to the proposed measurements is reported in section 5. The conclusions of the study are summarized in section 6.
2 TheB → D * + l −ν l decay reconstruction
Simulation configuration
The capability of reconstructing theB → D * + l −ν l decay distribution using approximate reconstruction algorithms is studied on simulated semileptonic decays in a detector configuration analogous to the LHCb experiment [13] .
Three decay chains are considered:B → D * + µ −ν µ ,B → D * + τ − (→ π + π − π − ν τ )ν τ and B → D * + τ − (→ µ −ν µ ν τ )ν τ . The production ofB mesons from proton-proton collisions at a center-of-mass energy √ s = 13 TeV are simulated using PYTHIA 8.1 [14, 15] , their decay to the different final states are simulated by the EVTGEN package [16] . Stable particles are required to be within the nominal LHCb pseudorapidity acceptance 2 < η < 5, while momentum cuts reproducing the typical LHCb efficiency have been tried but showed no significant effect on the subsequent studies. A minimumB meson flight distance of 3 mm simulate the effect of the typical LHCb trigger requirements. The production and decay vertex positions of theB meson have been smeared from their generated values according to Gaussian distributions reproducing the performance of the LHCb VELO detector [17, 18] , the Gaussian widths being 13 µm and 70 µm for production vertexes in the longitudinal and transverse directions with respect to the beam, respectively, 20 µm and 200 µm for decay vertexes. ForB → D * + τ − (→ π + π − π − ν τ )ν τ decays, a minimum tau lepton flight distance of 1 mm mimics the selection requirements.
The ROOT package [19] is employed for data handling and graphics.
2.2B rest frame approximate reconstruction algorithms
TheB rest frame reconstruction benefit from the knowledge of the flight direction from its production and decay vertexes, the latter determined by the
track combination. Two strategies are considered in this study. For decays in which a single neutrino is missing, the available information about the decay (the momentum of the detectable part of the decay, theB meson flight direction, theB and neutrino masses) determines theB momentum up to a two-fold ambiguity [20] . The two solutions correspond to the forward or backward orientation of the neutrino in theB rest frame with respect to theB flight direction. If the neutrino is orthogonal to theB flight direction a unique, degenerate solution is found. This algorithm will be referred to as "full reconstruction". A differentB momentum approximation can be made assuming that the proper velocity along the beam axis, γβ z , of the detectable part of the decay is equal to that of theB meson. The magnitude of theB momentum in terms of theB and D * + µ − invariant masses and the angle θ between flight direction and beam axis is set as
This approach will be referred to as "equal velocity" algorithm and it is applicable also to decays with two or more invisible particles, in which the invariant mass of the unmeasured part of the decay is unknown.
Resolutions on theB
l decay is characterized by four degrees of freedom. 1 Its phase space can be described by the following four kinematic variables: the invariant mass of the l −ν l system q 2 , the cosine of the polar angle of the D 0 meson in the D * + helicity frame cos θ D 0 , the cosine of the polar angle of the lepton in the l −ν l system helicity frame cos θ l and the azimuthal angle between the (D 0 π + ) and (l −ν l ) decay planes χ, figure 1 . In D * + and l −ν l helicity frames the z axis is defined by the direction of the D * + and l −ν l momenta in theB rest frame, respectively.
The attainable precision on the four phase space variables is studied comparing the values measured using the reconstruction algorithms and the true values of the simulated events.
TheB rest frame reconstruction forB → D * + µ −ν µ decays is achieved exploiting the full reconstruction algorithm, in which one of the two solutions is chosen randomly. Due 1 The D 0 π + invariant mass is considered fixed given the very small D * + width 83.4 ± 1.8 keV [21] .
l phase space variables. to experimental uncertainties, there are events appearing in unphysical configurations with noB momentum solution found; these, constituting the 32.7% of the simulated events, are discarded from the following study. Regression techniques based onB meson flight direction and magnitude to improve the solution decision [22] have been tried but showed limited improvement. The relative resolution on theB momentum magnitude, obtained with the two reconstruction algorithms, is shown in figure 2 . The full reconstructionB momentum resolution features a narrow, symmetric distribution peaked at zero, corresponding to events with the correct momentum solution assignment, and a broader, asymmetric shape associated to wrong momentum assignments. The equal velocity reconstruction presents a more regular but wider distribution. The phase space variables describing the semileptonic decay are computed in theB rest frame resulting from the estimatedB momentum. Their resolutions are reported in figure 3 : the cos θ D 0 and χ feature symmetric and unbiased distributions, the cos θ l distribution is slightly asymmetric but almost unbiased and the relative q 2 even if asymmetric peaks at zero. Phase space variable resolutions obtained with the equal velocity algorithm are reported in figure 4. Their distributions are wider than those resulting from the full reconstruction algorithm, since less information on the decay is employed.
ForB → D * + τ − (→ π + π − π − ν τ )ν τ decays, in which the D * + and π + π − π − vertexes determine the flight direction of the tau lepton, the full reconstruction algorithm is applied sequentially to the tau lepton andB meson decays: the randomly chosen τ momentum so- lution is employed for theB momentum computation, its solution chosen, again, randomly. Events with no τ momentum solutions are retained imposing the momentum corresponding to the degenerate solution, while, for unphysicalB meson decays, the τ solution is changed to the rejected one, and the event discarded only ifB momentum solution remain impos- 
sible. This algorithm tries to retain the maximum information on the decay, however, it rejects the 57.7% of the events. The relative resolution on theB momentum magnitude is shown in figure 5 along with that obtained using the equal velocity algorithm, the latter being the narrower one. Phase space variables resolutions for full reconstruction algorithm are reported in figure 6, to be compared to those obtained applying the equal velocity algorithm, figure 7. In both cases, the π + π − π − momentum is taken as tau lepton momentum for computing χ and cos θ l variables. Comparing to the muon channel, the cos θ D 0 distributions are moderately wider, while χ and cos θ l resolutions are significantly broader, since they directly depend on the leptonic part of the decay. The χ distributions are however still unbiased, while the cos θ l ones are asymmetric and biased, especially for the equal velocity algorithm. Comparing the two algorithms, the cos θ D 0 distributions are basically equal, while the χ resolution is better for the full reconstruction one. ForB → D * + τ − (→ µ −ν µ ν τ )ν τ decays, no information on the τ − decay vertex is available and only the equal velocity algorithm can be applied. The relative resolution on theB momentum magnitude is shown in figure 8, phase space variables resolutions are reported in figure 9. The muon momentum is taken as tau lepton momentum for computing χ and cos θ l variables. Comparing to the tau lepton hadronic decay channel, the distributions are similar to the more precise resolutions of the full reconstruction algorithm rather than to those obtained with the equal velocity algorithm. Thus, the knowledge of the tau lepton flight direction in the three pion decay mode does not add significant information to the decay reconstruction.
Summarizing, cos θ D 0 and χ resolution distributions have been shown to be symmetric and unbiased for all theB → D * + l −ν l decay channels, and the related physical quantities are therefore suitable to be measured even at hadron collider experiments, making use of the presented reconstruction algorithms only.
Extraction of phase space distributions from the template fit selection
The selection ofB → D * + l −ν l decays is a challenging task, especially at hadronic colliders, where information from the other B meson produced in the interaction is not available. The impossibility of reconstructing all the final-state particles prevents the direct use of invariant masses as discriminating variables and makes different decays with similar topology but additional unreconstructed particles difficult to distinguish fromB → D * + l −ν l transitions. In fact, besides discriminating muon from tau lepton decay modes,B → D * + l −ν l decays must be separated fromB decays to D 0 , D + and other higher mass charm meson resonances D * * andB decays to double charm resonances in which one has a semileptonic decay. This is usually achieved by means of a template fit to a set of discriminating variables, in which shapes for each decay type are mainly determined from simulation.
The extraction ofB → D * + l −ν l distributions from the fit results can be done in a straightforwardly by means of the sPlot statistical tool [12] only for phase space variables independent from the discriminating ones. In this way the distributions are derived using no a priori information about them, but only from the discriminating variables. Distributions which are correlated with the discriminating variables can also be obtained in principle, but since they will depend directly on the construction of the template distributions, their extraction would need a specific statistical treatment and they would be more sensitive to fit-related systematic uncertainties.
The possibility of derivingB → D * + l −ν l phase space distributions from a realistic selection is checked by evaluating their correlations, computed as mutual information, 2 with the set of the three discriminating variables used in [6]: the missing mass of the decay
3) the energy of the detectable part of the leptonic decay in theB rest frame E * l , and q 2 , where theB rest frame is estimated using the equal velocity algorithm. Correlation plots are presented in figures 10, 11 and 12 forB
Since the discriminating variables depend on the leptonic part of the decay, correlations for cos θ D 0 and χ variables are found to be negligible; for cos θ l correlations are high for the muon decay mode and small for the tau lepton one, because in the latter case the relationship is blurred by the extra neutrinos coming from the τ − decay.
Thanks to their small correlations with the discriminating variables, cos θ D 0 and χ distributions can be extracted directly from the template fit using the sPlot statistical technique, allowing related observable measurements to be performed on "signal-only" cos θ D 0 and χ distributions. 2 The mutual information between two random variables X and Y , defined as
is sensitive to any form of relationship. Mutual Information = 0.023341 Figure 11 . Mutual information between angular and discriminating variables, forB → D
[GeV] 
in which the dependence on the angular variables cos θ D 0 , cos θ l and χ has been factored out. The decay is described by twelve angular coefficient functions V i , dependent on couplings, hadronic form factors and q 2 ; NF is a q 2 -dependent normalization term.
The CP -conjugate B →D * − l + ν l decay distribution follows from the application of the CP transformation to eq. (3.1): the angles are now defined with respect to l + andD * − antiparticles, and the inversion of the momenta correspond to a transformation χ → −χ and
Angular terms proportional to sin χ and sin 2χ are sensitive to CP -violation, being produced in the interference between amplitudes having different CP -violating weak phases. The associated coefficients, V T 5 , V 0T 3 and V 0T 4 , are practically zero in the Standard Model; therefore a non-zero measurement of these quantities would be a clear sign of beyond the Standard Model physics.
Due to the experimentally available limited statistics, it is useful to integrate the fully differential decay distribution (3.1) to obtain observables retaining specific parts of the decay information. An overview of interesting observables defined for theB → D * + l −ν l decay distribution can be found in [9, 23] ; the following section will focus on observables constructed from cos θ D 0 and χ variables, the most suitable quantities to be measured according to the simulation study presented in section 2.
Integrated distributions and observables
According to the study detailed in section 2.3, the best resolution is attained on the polar angle of the D 0 meson in the D * + helicity frame, cos θ D 0 . The singly-differential distribution over cos θ D 0 , obtained integrating the complete decay distribution (3.1) over all but the
in which F L and F T represent the q 2 -integrated longitudinal and transverse polarization fractions of the D * + meson, satisfying F L + F T = 1; the distribution takes the form of a second-order polynomial in cos θ D 0 depending on one single observable
The D * + longitudinal polarization fraction is sensitive to scalar and tensor New Physics contributions to the b → c quark transition effective Hamiltonian, rather than to vector or axial-vector terms [9, 10]. Its ability to constrain New Physics contribution has been recently considered in [24, 25] . Observables derived from χ-dependent decay distributions are especially interesting being clean probes for New Physics CP -violation. Trigonometric functions of the χ angle can be expressed in terms of the unit vectors orthogonal to the D * + and l − ν l decay planes in theB meson rest frame,
so that observables which are coefficients of sin χ or sin 2χ can be extracted as triple-product asymmetries. This feature allow CP -violating observables to be extracted by counting rather than by angular fits and will be exploited further on. The singly-differential distribution over χ is
The CP -violating A
T observable is sensitive to vector and axial vector New Physics contributions but not to pseudoscalar ones [9] . It depends linearly on V T 5 , while for the CPconjugated decayĀ (1) T depends on −V T 5 , changing sign under CP -transformation. The corresponding CP -violating observable can be thus defined as
Exploiting the odd parity of the sin 2χ term, the A
T observable can be isolated from the distribution (3.7) by defining the triple-product asymmetry
T .
(3.9)
The sum of TPA (1) asymmetries measured for the two CP -conjugated decays still represent a CP -violating observable. Terms proportional to sin χ in the full decay distribution are multiplied by sin 2θ D 0 and integrate to zero under dcos θ D 0 . The triple-product asymmetry defined as
is zero even in presence of New Physics, being this angular dependence related to the spin structure of theB → D * + l −ν l decay, in which the D * + meson has spin one. The measurement of TPA (0) is therefore a useful cross-check for the triple-product asymmetry measurement, allowing to assess possible biases or contamination fromB → D 0 πl −ν l events in which the D 0 π comes from a spin zero resonance decay, like the D * + 0 (2400), or from a non-resonant system [23] .
Observables related to the sin χ terms of the decay distribution can be extracted from the χ-dependent angular distribution defined as
T sin χ .
T observable is sensitive to all vector, axial-vector and pseudoscalar couplings [9] . It depends linearly on V 0T 3 , while for the CP -conjugated decayĀ
T depends onV 0T 3 , not changing sign under CP -transformation. The corresponding CP -violating observable is therefore
Starting from the distribution (3.11), a triple-product asymmetry equivalent to the A (2) T observable can be defined as
(3.13)
The difference between TPA (2) asymmetries measured for the two CP -conjugated decays represents a CP -violation observable.
Measurement method forB
The non-negligible width of the resolution on the phase space variables, studied in section 2.3, must be took into account when measuring the corresponding observables, which can be biased from their actual value. In section 4.1, it is shown how the D * + longitudinal polarization can be extracted from maximum-likelihood fits to simulatedB → D * + l −ν l events by parametrizing the detector response in cos θ D 0 and as a function of F L via a polynomial expansion. This way, the non-negligible experimental resolution effect is subtracted, and the measured values are found compatible with the generated ones. The lose of sensitivity due to the experimental resolution is evaluated. Maximum-likelihood fits have been performed using the ROOFIT package [26] .
The same method is then applied for the extraction of A T observables, section 4.2, but found to be successful only forB → D * + µ −ν µ decays, due to the too large uncertainties associated to the χ angle reconstruction for tau lepton decay modes. Section 4.3 deals with triple-product asymmetries, which can be measured just by counting. In this case, the simulation is used to determine the proportionality factor between the CP -violating observables and the associated reconstructed triple-product asymmetry, allowing to correct for the experimental resolution and to quantify the associated lose in precision.
D * + longitudinal polarization
As a first step, a per-event weight is assigned to simulatedB → D * + l −ν l decays in order to obtain a flat distribution in the generated cos θ D 0 values, for correcting the distortion due to detector and selection efficiency. 3 Different longitudinal polarizations are generated by applying another per-event, polarization dependent, weight such that the generated cos θ D 0 distribution reproduces eq. (3.4) for each F L value. Both weights are normalized in such a way that for each F L value the mean of the weights is one.
The two per-event weights are multiplied together, assuming the detector efficiency correction being independent of F L . This is not correct in principle, however this assumption is seen to be suitable for the purposes of this simulation study. In a real-case analysis, the generation ofB → D * + l −ν l events with varying longitudinal polarization should be done before applying the detector reconstruction, so that detector efficiency effects can be taken into account as a function of F L .
Simulated events are then divided in two samples: a test sample reproducingB → D * + l −ν l reconstructed decays with different D * + longitudinal polarizations, and a second used to derive a Legendre polynomial expansion in cos θ D 0 and F L . This expansion is used as fit model to extract F L from a maximum-likelihood fit of the test sample. The orthogonality and completeness of Legendre polynomials L(x, i) is exploited to expand the reconstructed decay distribution in cos θ D 0 and F L as
in which the coefficients c i,j are determined as
and w n (cos θ D 0 , F L ) is the product of the two per-event weights applied. Given the simple dependencies, quadratic in cos θ D 0 and linear in F L , only Legendre polynomials up to the second order are sufficient to approximate the decay distribution. The use of a simple parametrization makes the maximum-likelihood fit of the decay distribution fast and robust. The test samples contains, by choice, ten thousandB → D * + l −ν l events per decay mode, while the other samples is five times larger than the test one. This is equivalent to assume that, in a real measurement, the statistics of the simulation sample employed to derive the polynomial expansion is larger enough with respect to the data sample.
The sensitivity to the D * + longitudinal polarization is studied by fitting the test samples using directly the angular distribution (3.4) or the polynomial expansions (4.1) for the three consideredB → D * + l −ν l decays. The measured polarizations are reported in table 1. Ideal F L measurements are simulated by fitting the angular distribution (3.4) to a toy sample generated from the same distribution for varying F L values, with the same number of events of the test samples. These correspond to measurements made by a detector with perfect cos θ D 0 resolution, to which uncertainties obtained using the polynomial expansion are compared with for evaluating the decrease in precision due to the reconstruction algorithms employed. Results of these ideal measurements are reported in the last row of table 1.
Longitudinal polarizations extracted using the true angular distributions are clearly biased towards values for which the cos θ D 0 distribution is flatter (it is uniform for F L = 1/3). Polynomial expansions allow to correctly measure the generated values within the uncertainties resulting from the maximum-likelihood fit. The precision on F L with respect to the ideal case decreases by a factor 1.4-1.9 for the muon mode and a factor 1.5-2 for theB → D * + τ − (→ µ −ν µ ν τ )ν τ decay. The precision is therefore similar for muon and tau lepton decay modes, as expected since the cos θ D 0 variable do not directly depend on the leptonic part of the decay. The exploitation of the tau lepton decay vertex information in theB → D * + τ − (→ π + π − π − ν τ )ν τ decay reconstruction does not increase the precision on F L , rather, a larger uncertainty is observed for this mode.
According to this simulation study, the D * + polarization fraction ofB → D * + l −ν l decays is measurable with the sole use of the employed reconstruction algorithm, with a maximum penalty in sensitivity of a factor 2. This permits an additional search for New Physics inB → D * + l −ν l decays complementary to the already measured R(D * ) ratio.
An attempt for A (1)
T and A
(1)
C observables direct measurement A simulation study analogous to the one set for the F L measurement is performed to check the possibility to simultaneously measure the A (1)
T and A (1) C observables related to the distribution (3.7). This case is more difficult partly because of the larger resolution on the χ angle, especially for the tau lepton decay mode, partly because this angular distribution is characterized by fast oscillations (cos 2χ and sin 2χ terms) more sensitive to reconstruction inaccuracies.
A first study, just to test the method already applied to F L , is carried out assuming that the χ distribution has a simpler form,
in which the χ oscillations are wider. As explained in section 3, this angular dependence is absent from the actualB → D * + l −ν l distribution. The fit model is derived from the reconstructed decay distribution by means of a polynomial expansion in χ, A T , while a Fourier series 4 up to cos 2χ, sin 2χ terms is employed for the χ angle,
in which the coefficients c i,j,k are determined as
The measured A
C values using the distribution (4.3) and the polynomial expansions (4.4) are reported in tables 2 and 3, respectively. Only results in which one of the two observables is zero are shown, since negligible differences in the observables extraction are seen when both A C decreased by a factor 1.8-2 for the muon mode and 5.5-6.3 for the tau lepton mode. As a result, the polynomial expansion method proves to be effective but the decrease in precision for the tau lepton decay mode is already very important.
The simulation study is repeated for A
C using the distribution (3.7) and an analogous polynomial expansion. Unfortunately, the two observables are measurable only T (gen, true)
1.25 ± 1.41 51.00 ± 1.26 -48.98 ± 1.28 Table 4 . Measured A
T (in %) fitting the angular distribution (3.7) or the polynomial expansions (4.4) to theB → D * + µ −ν µ test sample for varying generated values; the last row reports the ideal sensitivity obtained from a toy sample generated from the true angular distribution with the same number of events of the test sample, fitted with the same distribution.
for the muon decay mode, results shown in tables 4 and 5, with precisions on A observables decreased by a factor 2.9-3.2 and 2.6-2.7, respectively. The measurement is not possible on the tau lepton decay mode because the large uncertainty in the reconstruction completely flattens the χ angle distribution.
The application of the polynomial expansion method is in principle effective for measuring χ angle related observables. In practice it is successful only for theB → D * + µ −ν µ decay mode, where A C observables can be measured; for tau lepton decay modes the extraction is not possible due to both the larger resolution on the χ angle and the form of the expected decay distributions. The method is not tried for A (2) T and A 
C (in %) fitting the angular distribution (3.7) or the polynomial expansions (4.4) to theB → D * + µ −ν µ test sample for varying generated values; the last row reports the ideal sensitivity obtained from a toy sample generated from the true angular distribution with the same number of events of the test sample, fitted with the same distribution.
because its application is complicated by the combined fit to cos θ D 0 and χ variables and the need for negative-valued fitting functions (following from the angular distribution 3.11), which prevent the use of the standard maximum-likelihood fitting technique.
An alternative method for the measurement of CP -violating observables, relying on counting rather than fitting, is explored in the next section.
Triple-product asymmetries
In section 3.1 it was shown that CP -violating observables related to χ angle decay distributions can be extracted by defining suitable triple-product asymmetries (TPAs). The imperfect reconstruction of the χ angle leads to an effective dilution of the asymmetries, but this experimental effect can still be subtracted exploitingB → D * + l −ν l simulated events, and in a simpler way since no fit to the decay distribution is involved. Moreover, since the χ angle distribution is unbiased, a measured non-zero value for CP -violating TPAs, even if not corrected for the experimental dilution, would anyway represent an observation of (New Physics) CP -violation.
The correction consists in determining the relation between reconstructed TPAs and generated CP -violating observables. The linear function TPA = f (A T ) allows to infer A T from the measured TPA with an uncertainty given by error propagation,
in which κ represent the loss in sensitivity to A T with respect to the uncertainty on the TPA. The simulation study is set as follows. Simulated events are weighted to reproduce one of the χ angle decay distributions at generation-level, as a function of the CP -violating observables. TPAs are built from the reconstructed value of the χ angle, for the distribution (3.11) the sin 2θ D 0 dependence is included to take into account uncertainties in the cos θ D 0 sign determination. Three values for the corresponding CP -conserving quantities A (i) C = 0, ±1 have been considered, but it is shown that their value has no impact on the TPAs measurement. In fact, cos χ and cos 2χ terms still integrate to zero when computing asymmetries using reconstructed angles, since the χ angle resolution distribution is not biased. The linear relation between reconstructed asymmetries and generated CP -violating Table 6 . Decrease in precision on the CP -violating observables with respect to perfect decay reconstruction, as determined from the slope of the TPA = f (A T ) relation.
Penalty factor
observables allows to correct for the dilution effects and to determine the decrease in precision from the inverse of the slope of the straight line.
The study is carried out for TPA (1) , eq. (3.9), from the distribution (3.7), TPA (2) , eq. (3.13), from the distribution (3.11) and TPA (0) , eq. (3.10), from the distribution (4.3).
The TPA = f (A T ) relations for the threeB → D * + l −ν l decay modes are reported in figure 13 . They are the same for different A C values within uncertainties. From TPA definitions follow that for perfect reconstruction the κ factor is π/2 for A T is compatible to that obtained in the previous section using maximum-likelihood fits: the "test" observable A (0) T can be measured in both lepton decay modes, while the huge penalty to be paid for the A (1) T measurement in the tau decay mode prevents a useful measurement without exploiting information additional to the reconstruction algorithm. On the contrary, the small decrease in precision between A (0) T and A (2) T shows that the effect of the integration of the sin 2θ D 0 terms is modest and the measurement of the CP -violating A (2) T observable is viable for both muon and tau decay modes. This allows to search for New Physics CP -violation inB → D * + l −ν l decays even at hadron collider experiments with a not prohibitive lose in sensitivity.
Discussion on systematic uncertainties
In the proposed measurements, there are two steps which can introduce systematic uncertainties: the extraction ofB → D * + l −ν l phase space distributions from the template fit to the discriminating variables, via the sPlot technique, and the use of simulated events for both the detector efficiency correction and the determination of the polynomial expansions. For the first step, the use of the sPlot statistical tool does not introduce additional systematic uncertainties to those related to the template fit itself. Uncertainties in the modelling of the different contributing decays can lead to uncertainties in the fit results, causing an imperfect weighting of the phase space distributions. This effect has to be properly evaluated, but since the considered observables do not depend directly on the fit results (on the contrary of branching fractions) it is reasonable to expect a limited impact of these systematic sources.
Regarding the use of simulated events, uncertainties can follow from imprecisions in the detector simulation. The accuracy of the detector simulation is routinely checked with respect to data, and remaining differences between real and simulated events are corrected exploiting suitable "control" decays as similar as possible to the transitions under study [6, 7] . Moreover, the simulation of the detector resolution due to the reconstruction algorithms, exploited to correct the observable values, is based upon the decay kinematics (particle momenta and decay vertex position distributions), which is easy to simulate with high accuracy. No significant differences between real and simulated phase space distribution are thus expected.
Summarizing, the measurement of the D * + polarization fraction and CP -violation observables should not be affected by additional systematic uncertainty sources with respect to the R(D * ) measurements. Fit model and data-simulation discrepancies uncertainties, which have already been studied for the R(D * ) measurements, are expected to have a small impact on the proposed measurements.
Conclusions
A simulation study for a forward detector geometry is set to quantify the attainable precision on theB → D * + l −ν l phase space distributions, with the use of reconstruction algorithms estimating theB meson rest frame only from information related to the detectable finalstate particles. This is of particular interest for hadron collider experiments. The resolution distributions have been found to be symmetric and unbiased for cos θ D 0 and χ variables, which also show negligible correlations with the discriminating quantities employed for selectingB → D * + l −ν l decays, making cos θ D 0 and χ distributions suitable to be extracted using the sPlot statistical technique.
Observables related to cos θ D 0 and χ variables are the D * + longitudinal polarization fractio F L , the CP -conserving quantities A A novel method to correct the effect of reconstruction inaccuracies on the mentioned observables is tested on simulatedB → D * + l −ν l decays. The decrease in precision due to the employed reconstruction algorithms is evaluated. According to the simulation study, the D * + longitudinal polarization fraction is measurable for both muon and tau lepton decay modes with a maximum penalty in sensitivity of a factor 2. This permits an additional search for New Physics inB → D * + l −ν l decays complementary to the already measured R(D * ) ratio. The CP -violating A (2) T observable can be measured from the associated tripleproduct asymmetry with a decrease in sensitivity of a factor 5, while the A T observable is measurable only forB → D * + µ −ν µ decays due to the form of the associated χ angle distribution. It is also argued that systematic uncertainties associated to the proposed measurements are not expected to have a large impact.
